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Abstract. Effects of the dinoflagellate Prorocentrum 
minimum (strain EXUV) upon four life-history stages of 
the eastern oyster—embryos, feeding larvae, newly set 
spat, and juveniles—were investigated in laboratory ex¬ 
posure studies. Embryonic development was not affected 
significantly by living, heat-killed, or sonicated cells, or 
by growth-medium extracts from P. minimum cultures. 
Feeding larvae, however, showed poor growth and poor 
development of the digestive system when fed P. mini¬ 
mum, as compared with larvae fed Isochrysis sp. (strain 
T-1SO). Growth of larvae fed mixed P. minimum + Iso¬ 
chrysis diets was intermediate. Larvae and newly set spat 
that had been fed a diet of l h P. minimum + Vi Isochrysis 
exhibited distinctive changes in digestive-system anatomy. 
Spat showed an abnormal accumulation of lipid in the 
stomach epithelium. Absorptive cells in the digestive 
glands of both larvae and spat contained accumulation 
bodies, often with a laminated, fibrous appearance in 
preparations for transmission electron microscopy. These 
accumulation bodies were PAS (periodic acid-Schiff) 
positive and may correspond to autolysosomal bodies 
within P. minimum cells. Juvenile oysters developed the 
ability to digest P. minimum, but only after a refractory 
period of about 2 weeks, during which most P. minimum 
was filtered but rejected as pseudofeces. The linking of 
accumulation bodies within absorptive cells of oyster 
digestive diverticula with dinoflagellate autolysosomal 
bodies suggests a mechanism by which some dinoflagel- 
lates interfere with feeding in phytoplankton grazers. 
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Introduction 

Harmful algal blooms are viewed as an increasing threat 
to utilization of living marine resources (Hallegraeff, 
1993). Studies of interactions between dinoflagellates and 
molluscan shellfish have focused mainly on the accu¬ 
mulation of mammalian neurotoxins by molluscs feeding 
on toxic dinoflagellates (Sakamoto et al., 1987). More re¬ 
cently, the detrimental effects of toxic dinoflagellates, as 
well as the effects of some algae that produce no known 
mammalian toxins, upon the shellfish themselves have 
been identified (Shumway, 1990). Responses ranging from 
reduced filtering to increased metabolic rates, paralysis, 
and mortality have been noted for molluscs feeding upon 
natural populations of dinoflagellates or cultured strains 
(Gainey and Shumway, 1988). It has, in fact, been sug¬ 
gested that detrimental effects upon shellfish by a number 
of phytoplankton taxa may be undetected rather than un¬ 
common (Parry et al., 1989). 

Among dinoflagellate taxa implicated in toxic effects 
are members of the genus Prorocentrum. Two benthic 
Prorocentrum species, P. lima and P. mexicanum, produce 
ciguatoxin, which accumulates in tropical finfish food 
chains and renders apex predators unfit for human con¬ 
sumption (Steidinger, 1983). There are historical accounts 
of P. minimum —and its taxonomic equivalents P. 
mariae-lebouriae, Exuviaella mariae-Lebouriae, and P. 
triangulatum (Dodge, 1982)—causing toxic effects in both 
shellfish and human consumers of shellfish harvested from 
P. minimum bloom water (Shumway, 1990). One strain 
of P. minimum that is cultured in a number of labora¬ 
tories, clone EXUV (CCMP1329), yielded negative results 
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in previous (Schmidt and Loeblich, 1979) mouse bioassays 
for water-soluble mammalian toxins (PSP) and in assays 
carried out during the present study (S. E. Shumway, pers. 
comm.). Despite the negative finding for mammalian 
toxin in this strain, we demonstrated previously that 
EXUV cultured in our laboratory did not support the 
growth of juvenile northern quahogs, Mercenaria mer- 
cenaria , and was acutely toxic to juvenile bay scallops, 
Argopecten irraclians (Wikfors and Smolowitz, 1993). 
Complete mortality of scallops exposed to the EXUV 
strain occurred within 1-4 weeks of first exposure. Af¬ 
fected scallops had severe attenuation of epithelial cells 
associated with absorptive-cell necrosis and sloughing of 
cells into central lumens. Large melanized hemocyte clots 
were present throughout the open vascular system; these 
histologic observations are strong evidence for the pres¬ 
ence of a molluscan enterotoxin in EXUV. 

Because P. minimum is a normal component of the 
summertime flora in the coastal waters of the northeastern 
United States (Marshall, 1980; Sellner et al. , 1993; Wik¬ 
fors, in prep.), it seemed possible that native oysters, which 
spawn during summer, could be exposed to this dinofla- 
gellate at any stage of their life history. Timing, density, 
and geographic extent of Prorocentrum populations could 
play some role in the recruitment success of oysters if 
there are detrimental effects at particular life-history stages. 
Therefore, the present study was undertaken to expose 
oysters at four life-history stages—prefeeding embryos, 
feeding larvae, newly set spat, and juveniles—to cultured 
P. minimum, both alone and in combination with a 
known “good-food” alga, Isochrysis sp. (strain T-1SO). 
Survival, development, growth, and histologic condition 
were evaluated and compared with those of starved oysters 
and oysters fed T-ISO alone—an algal diet known to sup¬ 
port normal growth and development (Wikfors, unpub.). 

Materials and Methods 

Phytoplankton culture 

The EXUV strain of P. minimum (CCMP1329) was 
obtained from the Provasoli-Guillard Center for the Cul¬ 
ture of Marine Phytoplankton; Isochrysis sp. strain T- 
ISO was in the Milford Microalgal Culture Collection. 
Both axenic algal strains were cultured in enriched natural 
seawater medium, E formulation (Ukeles, 1973), in 16-1 
carboy assemblies housed in a temperature-controlled 
(20°C) room with constant illumination of 500- 
600 juE m 2 s _1 from cool-white fluorescent lamps. Cul¬ 
tures were managed semi-continuously, with daily har¬ 
vests of sufficient volumes to satisfy experimental regimes 
and weekly replacement of harvested volumes with ster¬ 
ilized medium. Culture densities were determined as 
packed-cell volumes by centrifugation in specially mod¬ 
ified Hopkins tubes (Ukeles, 1973), and daily feeding re¬ 


gimes were specified according to packed-cell volume 
(specified for larvae or postset below). Cell counts were 
made in an Improved Neubauer hemocytometer. 

Oyster rearing 

Broodstock oysters from the Milford Laboratory were 
spawned by warm-water stimulation (Loosanoff and 
Davis, 1963); 5 females and 8 males contributed gametes 
to the cohort used in experiments. All oyster rearing was 
in Milford Harbor seawater (27-28%o salinity) that was 
temperature-adjusted to 25°C, filtered to 0.5 ^m, and 
passed through a flow-through ultraviolet sterilizer and 
an activated-carbon organic-removal cartridge. For the 
experiment with embryos, fertilized eggs were distributed 
into 1-1 polypropylene beakers at a concentration of 
20 ml" 1 . Embryos were exposed to experimental treat¬ 
ments (see below) within 2 h of fertilization. Remaining 
embryos were incubated in seawater treated as above for 
48 h before experiments were begun with feeding larvae. 
Subsamples of 48-h larvae were collected on a 36-pm- 
mesh monofilament nylon screen and distributed into 1- 
1 beakers at a concentration of 20 ml '. Larvae not used 
in feeding experiments were reared on a diet of T-ISO 
and Pavlova lutheri (Milford strain MONO) through 
metamorphosis and then grown on natural phytoplankton 
amended with cultured algae (mostly Tetraselmis 
metadata strain TTM and Pavlova gyrans strain 93, with 
small amounts of diatoms and other flagellates). Four days 
before use in juvenile feeding studies, oysters were placed 
in filtered seawater to empty the digestive systems. 

Experimental design 

Oyster embryos were exposed to a variety of live and 
killed cells and extracts from P. minimum and the control 
alga, T-ISO, shortly after fertilization of eggs. Live algal 
cultures were added, along with the culture medium in 
which they were grown, as aliquots providing the number 
of cells given as a first feeding according to the regime of 
Rhodes and Landers (1973); i.e., 0.005 ml packed cells l -1 
larval culture containing 20 larvae mU 1 ; for T-ISO, this 
was 60 X 10 6 cells 1 \ and for EXUV, 3.9 X 10 6 cells l" 1 . 
Equal amounts of both algal strains were subjected to the 
following treatments before being added to embryo sus¬ 
pensions: (1) removal of cells by filtration to 0.22 jum, (2) 
sonication for 5 min at 250 W with 50/50 timed pulse, 
or (3) heating to 80°C for 30 min. In addition to the above 
treatments, live and sonicated EXUV culture, and me¬ 
dium from EXUV culture, were added at 5 times standard 
volume. Seawater-only and sterile algal medium controls 
were included as well. All treatments were in triplicate. 
Embryos were incubated on a temperature-controlled 
water table (25°C) for 48 h, and then evaluated micro¬ 
scopically for effects upon survival and development. 
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Counts of live-normal, live-abnormal, dead-normal, and 
dead-abnormal larvae were made for all treatments. 

Larval oysters, which had been permitted to develop 
for 48 h in filtered seawater, were distributed into 1-1 
beakers for larval feeding experiments, also incubated on 
the 25°C water table. Larval populations in triplicate 
beakers were given the following daily feeding regimes: 
(I) EXUV, (2) l A EXUV + 2 / 3 T-1SO, (3) 2 A EXUV + V 3 
T-ISO, (4) T-1SO, and (5) unfed. Daily rations were ad¬ 
justed according to packed-cell volume, following the 
progressively increasing schedule of Rhodes and Landers 
(1973). Concentrations (cells per liter) of T-ISO and 
EXUV alone on the first day of feeding are given in the 
previous paragraph; cells in mixed diets and in increasing 
rations can be calculated from these. Three days each 
week, larvae were collected on a 75-Aim monofilament 
nylon screen, washed with a pressurized flow of seawater, 
and resuspended in newly filtered seawater. At this time, 
subsamples of larvae were counted on a Sedgewick-Rafter 
slide under a dissecting microscope and measured (shell 
length) on a compound video-microscope using image- 
analysis PC-computer software. In vivo fluorescence, pH, 
and salinity of spent larval-culture water were measured 
every 3 days as well; water for these samples was poured 
gently through a 36-mesh nylon screen to minimize the 
effect of fecal material upon the fluorescence measure¬ 
ments. Subsamples of larvae were taken periodically and 
fixed for histological examination; results for samples 
taken 8 days after spawning are reported. Larvae fed T- 
ISO, EXUV, and the Vi EXUV + 2 h T-ISO diet were ob¬ 
served live, 60 min after feeding on day 14, under epiflu- 
orescence microscopy (Babinchak and Ukeles, 1979) to 
determine if larvae were ingesting and digesting algal cells. 

In cultures that produced pedi-veligers, whole oyster 
shells were provided as setting substrate, and setting suc¬ 
cess was determined by counting spat on shell surfaces. 
Newly set spat continued to receive the diet provided to 
them as larvae. Spat were sampled for histological ex¬ 
amination 5 days after setting. 

The subpopulation of oysters from the same cohort, 
which was reared separately to a mean size of 8.3 mm 
shell length, was divided into groups of between 15 and 
25 and placed in molluscan rearing chambers designed 
for conducting nutritional studies with young shellfish 
(Ukeles and Wikfors, 1982). Seawater supplying the 
chambers w'as filtered to 0.5 /im, passed through an ul¬ 
traviolet sterilizer, and temperature-adjusted to 25°C in 
a head tank. Seawater then was distributed to chambers 
at a flow rate of 600 ml min' 1 through a flow-adjustable 
manifold. The same unialgal and mixed diets were fed to 
juvenile oysters as were fed to larvae. Daily rations were 
0.006 ml packed cells oyster 1 d and percentage mixes 
were made by packed-cell volume, not cell number. A 
full ration of T-ISO consisted of 143 X 10 6 cells per oyster. 


and a full ration of EXUV was 9.27 X 10 6 cells per oyster; 
cell numbers in percentage diets can be calculated from 
these values. Seawater flow through the chambers was 
continuous, except for the 4 h after feeding, during which 
flow was stopped. Fluorometer measurements showed that 
all algal food suspensions were cleared within 2 h of feed¬ 
ing. Each week, for 6 weeks, oysters were removed from 
chambers and cleaned with a pressurized spray of sea¬ 
water; w ith the aid of image-analysis software on an IBM- 
compatible microcomputer, shell lengths were measured 
from video images. 

Histology 

Subsamples of 48-h larvae, feeding larvae, and newly 
set spat were processed in plastic (Embed 812, Electron 
Microscopic Sciences). Briefly, samples fixed in 1% glu- 
taraldehvde/4% formalin in 28%o NaCl (1G4F) (Howard 
and Smith, 1983) were rinsed with phosphate buffer, sec¬ 
ondarily fixed in 1% osmium, and hydrated to unbuffered 
water. Oysters were decalcified in 2% ascorbic acid in 0.9% 
sodium chloride at pH 2.3 for 15-20 h, followed by a 
rinse of unbuffered water. Samples were concentrated be¬ 
fore removal of each solution by centrifuging at 1300 X g 
for 3 min, followed by removal of the supernatant. Oysters 
then were embedded in 3% agarose (aqueous). Enbloc 
staining was done in 2% uranvl acetate (aqueous) over¬ 
night. Staining was followed by infiltration, embedment 
in Embed 812. and polymerization by standard methods. 
Thick sections cut from the plastic-embedded samples 
were stained with 1% methylene blue in 1% borax (sodium 
borate) and 1% azure II. Ultrathin sections were stained 
with 2% uranyl acetate and counter-stained with Reynolds 
lead-citrate. Thick sections were examined and photo¬ 
graphed using an Olympus BH-2 photomicroscope. Thin 
sections were examined on a Zeiss 10 transmission elec¬ 
tron microscope. 

Juvenile oysters were fixed in situ by placing the oyster 
shells with attached juveniles into large bottles containing 
1G4F. After a minimum of 1 week, fixed juveniles were 
carefully pried from the large shell on which they had 
settled and were decalcified in formic acid. After decal¬ 
cification and rinsing, animals were processed in paraffin 
by standard methods (Humanson, 1979). 

P. minimum cultures were diluted with 1G4F fixative 
(10 ml/100 ml culture) and concentrated by settling in an 
Imhoff cone. Supernatant was poured off', and concen¬ 
trated cells were resuspended in 10 ml 1G4F for obser¬ 
vation with transmission electron microscopy (TEM). 
These cultures were processed in paraffin with the agarose 
embedding methods described above. 

Periodic acid-Schiff (PAS) staining of plastic-embedded 
sections was accomplished as follows: plastic was removed 
from thick sections of plastic-embedded larvae by incu- 
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Table I 


Development of oyster embryos exposed for 4S h to cultured 
phytoplankton and culture extracts (means of three replicates, SD in 
parentheses) 


Added 

% Live 
normal 

% Dead 
normal 

% Live 
abnormal 

% Dead 
abnormal 

Seawater 

91.3 

0.4 

5.9 

2.4 


(1.5) 

(0.4) 

(0.9) 

(0.6) 

Medium 

88.3 

0.8 

9.5 

1.4 


(3.4) 

(0.4) 

(2.6) 

(0.7) 

l ive T-ISO 

89.5 

1.0 

8.4 

1.2 


(2.8) 

(0.8) 

(2.5) 

(0.2) 

Live EXUV 

84.1 

1.7 

9.3 

4.9 


(4.0) 

(0.8) 

(1.3) 

(2.2) 

T-ISO Medium 

88.9 

0.7 

9.3 

1.1 


(1.3) 

(0.4) 

(1.0) 

(LO) 

EXUV Medium 

84.6 

1.6 

11.2 

2.6 


(2.8) 

(0.6) 

(LO) 

(1.4) 

Sonicated T-ISO 

88.6 

0.9 

7.9 

2.6 


(3.4) 

(0.3) 

(2.5) 

(0.6) 

Sonicated EXUV 

80.2 

1.5 

15.2 

3.1 


(1.0) 

(0.8) 

(2.4) 

(2.2) 

Healed T-ISO 

74.2 

1.0 

24.1 

0.7 


(25.7) 

(0.4) 

(25.2) 

(0.1) 

Heated EXUV 

88.3 

1.0 

8.5 

2.2 


(3.3) 

(0.9) 

(3.0) 

(0.6) 

Sonic, EXUV 5 X 

72.0 

2.0 

19.0 

6.0 

EXUV Medium 5X 

87.0 

2.0 

10.0 

1.0 

Live EXUV 5X 

88.0 

1.0 

9.0 

LO 


bating slides with thick sections in a solution of 66% 
NaOH/33% ethanol for 15 min, followed by rehydration 
(Erlandsen el al, 1979). Rehydrated sections were stained 
with Harris' hematoxylin counterstain (Sorvall, 1981) as 
previously described. 

Results 

Embryos 

Counts of embryos developing to the straight-hinge lar¬ 
val stage after 48 h exposure to experimental treatments 
are shown in Table 1. Development to straight-hinge stage 
was more than 80% in all treatments except for embryos 
exposed to heat-killed T-1SO and 5X sonicated EXUV; 
however, differences between these treatments and 
all others were not statistically significant (ANOVA, 
p = 0.05). Percentages of larvae in the other three cate¬ 
gories were not statistically different either. Thus, none 
of the treatments interfered significantly with survival, 
development, or gross morphology as observed with the 
dissecting microscope. 

Histologic observation by light and electron microscopy 
revealed only subtle differences between some treatments. 
Only samples of oysters exposed to seawater only, soni¬ 
cated T-1SO, or 5X sonicated EXUV were examined. Al¬ 


though animals exposed to seawater only or to sonicated 
T-ISO had well-developed organ systems, oysters exposed 
to 5X sonicated EXUV showed mildly decreased numbers 
and sizes of lipid droplets in the mantle, velar cells, and 
absorptive cells of the digestive gland. 

Feeding larvae 

The salinity in all experimental cultures remained be¬ 
tween 27%o and 28%o throughout the experiment, but dif¬ 
ferences in pH and in vivo fluorescence between treat¬ 
ments revealed differences in ingestion of the algal foods 
added and in the resultant water chemistry. Percentage 
of the diet consumed, averaged over the entire experiment, 
for each diet is listed in Table 11. Larvae fed diets including 
EXUV filtered less of the diet from suspension. It was 
not, however, clear from fluorescence measurements alone 
if depressed filtration was a result of physical inability of 
the larvae to ingest P. minimum or to detrimental effects 
of the P . minimum cells that were ingested. The obser¬ 
vation of P. minimum cells within digestive systems of 
larvae by epifluorescence microscopy and the histologic 
observations detailed below provided evidence that P. 
minimum cells were ingested. No significant differences 
in pH between diets were noted (Table II). 

Differences in survival and growth of larvae on exper¬ 
imental diets were found, with P. minimum having con¬ 
sistent, detrimental effects. Numbers of larvae decreased 
for all feeding regimes, partly as a result of losses in sam¬ 
pling and handling. However, larvae fed only EXUV or 
the 2 h EXUV + x h T-ISO diet decreased in number more 
rapidly than larvae in the other treatments between days 
13 and 17 (ANOVA, p < 0.01). Unfed larvae all starved 
within 27 days (Fig. 1). Growth of larvae on experimental 
diets was related directly to the amount of T-ISO in 
the diet (Fig. 2). Growth rates ranged from 1.10 to 
6.52 d \ and differences between diets were significant 
(ANOVA, p < 0.01) (Table 111). 


Table II 


Percentages of food filtered, as measured by in vivo fluorescence 
decrease, and pi l of larval culture water after 4S-h incubation with 
larvae (means of 154 measurements. SE in parentheses) 


Feeding regime 

% Fluorescence 
decrease 

pH 

T-ISO 

36.1 (6.7)’ 

7.96 (0.02)' 

*/3 EXUV + 2 A T-ISO 

32.4 (3.0) u 

7.87 (0.05)' 

2 A EXUF + >/3 T-ISO 

14.9 (5.4) 2 

8.01 (0.01)' 

EXUV 

14.1 (8.6) 2 

7.94(0.01)' 

Unfed 

-0.3 (0.3) 3 

7.89 (0.02)’ 


Different superscript numbers denote statistically different means by 
Duncan's multiple range test. 
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Histologic observation of larvae from day 8 revealed 
clear differences between EXUV-fed, T-ISO-fed, mixed- 
diet, and unfed treatments (Figs. 3, 4). Animals fed on T- 


1SO were in the prodissiconch II stage of development 
(Elston, 1980) and demonstrated excellent cellularity of 
developing organs (Fig. 3A). Stomach and intestinal epi- 



Figure 2. Shell-length measurements of larvae from experimental feeding regimes. 
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Table HI 


Growth rates, in micrometers per day (±SE). of larval oysters 
fed algal diets 


Algal diel 

Growth rale 

Unfed 

0.744 (. 103) a 

EXUV 

1.10 (.447) a 

2/3 EXUV 

3.49 (.940) ab 

Vi EXUV 

5.63 (l.33) bc 

T-ISO 

6.52 (I.54) c 


Superscript letlers indicate homogeneous subsets, according to Least 
Square Difference Multiple Range Test. 


thelium was high-cuboidal in outline, and the intestinal 
epithelium contained many prominent lipid droplets. The 
digestive gland contained numerous tall-columnar ab¬ 
sorptive cells. Examination with TEM showed that pha¬ 
golysosomes within absorptive cell cytoplasm contained 
moderately electron-dense flocculent substances (Fig. 4A). 
Rare phagolysosomes present at the basal side of some 
cells contained dense, irregular inclusions. 

Starved animals were still in the prodissiconch 1 stage 
of development (Elston, 1980). All organ development 
was poor, and organs demonstrated low cellularity (Fig. 
3B). Stomach epithelium was low-cuboidal to squamous, 
and intestinal profiles were rare. Lipid droplets were not 
present in these animals. The digestive glands were small, 
with poor cellularity, as demonstrated by the greatly re¬ 
duced numbers of low-columnar to cuboidal absorptive 
cells. Examination with TEM showed that rare phagoly¬ 
sosomes within the absorptive cell cytoplasm contained 
mildly flocculent contents. 

All EXUV-fed larvae were in the late prodissiconch I 
stage of development. Organ development and cellularity 
was greater than in starved oysters, but was only about 
one-third that of T-lSO-fed animals (Fig. 3C). Stomach 
and intestinal epithelium was cuboidal to sometimes 
squamous. Lipid droplets were not seen in any cell type. 
Absorptive cells of the digestive glands were about one- 
third larger than in starved oysters. Interestingly, many 
dense inclusions were present throughout the cytoplasm 
of these cells (Fig. 3D). Examination with TEM showed 
these inclusions to be a continuum of phagolysosome 
profiles (which we have termed accumulation bodies)— 
from phagolysosomes containing possible autolysosome 
and other dinoflagellate debris, to those filled with densely 
flocculent material, to residual bodies containing hap¬ 
hazardly arranged, laminated, dense bundles of fibers with 
both loose and condensed appearances (Fig. 4B and 4C). 

Eight-day-old oysters fed a diet containing % EXUV 
+ x h T-ISO were in the early prodissiconch 11 stage of 
development. Organ development and cellularity was 
slightly greater than in animals fed entirely on EXUV. 


Stomach and intestinal epithelia were cuboidal. Lipid 
droplets were rare in the stomach epithelium and very 
rare in the intestinal epithelium. Digestive glands appeared 
to be slightly more cellular than in animals fed EXUV 
only, as demonstrated by increased numbers of absorptive 
cells within any section of the glands. Phagolysosomes, 
as seen in control animals, and the distinctive accumu¬ 
lation bodies were noted under both light and transmission 
electron microscopy. 

Newly set spal 

Only larvae fed T-ISO alone or Vi EXUV + 2 h T-ISO 
developed into pedi-veligers and set, and only about 100 
spat were obtained with the latter diet including EXUV, 
as compared with more than 2000, from three initial pop¬ 
ulations of 2000, for the unialgal T-ISO diet. Spat from 
these treatments were maintained on their respective larval 
diets for 5 days after setting. Histologically, animals fed 
T-ISO alone exhibited well-developed organs with excel¬ 
lent cellularity (Fig. 5A). The stomach epithelium was 
cuboidal, with rare, small lipid granules in the cytoplasm. 
There were two to four profiles of intestine per section, 
and intestinal epithelial cells were cuboidal to columnar 
in outline. Lipid droplets were abundant and prominent 
in the intestinal epithelium. Phagocytes within the peri¬ 
visceral cavity contained clear to lightly foamy cytoplasm. 
Absorptive cells of the digestive gland were of the tall- 
columnar type, with foamy, vacuolated cytoplasm. Ex¬ 
amination with TEM demonstrated abundant phagoly¬ 
sosomes containing flocculent. irregular, granular material 
of various densities, as noted in pre-set larvae fed T-ISO. 

Newly set spat fed the mixed diet showed distinctive 
and striking differences from the T-ISO controls (Fig. 5A). 
Animals contained moderately to poorly developed organ 
systems with reduced cellularity (Fig. 5B). Stomach epi¬ 
thelium was low-cuboidal to squamous and contained 
moderate to heavy accumulations of large lipid droplets. 
Only one to two cross-sections of intestine could be seen 
in some sections. Intestinal cells were cuboidal with vari¬ 
able (moderate to small) amounts of lipid droplets in the 
cytoplasm. Absorptive cells of the digestive gland were 
cuboidal to low-columnar in outline. Both light and elec¬ 
tron microscopic examination showed that the absorptive 
cells contained abundant accumulation bodies, as de¬ 
scribed above (Fig. 5C). Examination of the intestinal ep¬ 
ithelium with TEM showed that it also contained mod¬ 
erate numbers of accumulation bodies. 

Distinctive effects of EXUV in the diet were seen in 
the perivisceral space of newly set oysters with both 
light and transmission electron microscopy. Phagocytes 
within the space were plump and although some con¬ 
tained only clear vacuoles, most phagocytes contained 
various numbers of large, dense, irregular particles, 3- 
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Figure 3. Feeding larvae. Photomicrographs A, B, and C are all al the same magnification. Animals are 
embedded in plastic, thick-sectioned, and stained with methylene blue (1, digestive gland absorptive cells; 
2, digestive gland enzymatic cell; 3. velum; 4, esophagus; 5, intestine; 6, style sac; 7, accumulation bodies 
in absorptive cells; 8, lipid globules; 9, phagolysosomes). (A) Control animals (T-lSO-fed) show well-developed 
organs. (B) Starved larvae show poor development of all organs. (C and D) Animals fed 100% EXUV show 
poorly to moderately developed organs with distinctive accumulation bodies in the absorptive cells. (A to 
C, bar = 20 ^m; D, bar = 12.5 ^m.) 


10 in diameter. Other phagocytes surrounded and 
appeared to be in the process of engulfing similar large, 
irregular, dense particles (Fig. 6A). Rarely, less degen¬ 
erate particles showed profiles consistent with the di- 


noflagellate. Examination with TEM showed partially 
degraded dinoflagellates that contained small, round 
bodies (possible autolysosomes) (Fig. 6B). Focal, mul¬ 
ticellular necrosis within organs was not evident in 
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Figure 4. Feeding larvae (transmission electron micrographs). (A) T-lSO-fed animals show moderately 
electron-dense, flocculent substances (1) and dense, irregular inclusions(2) in phagolysosomes. (Bar = 2 ^m.) 
(B and C) Distinctive accumulation bodies (oyster phagolysosomes containing dinollagellate autolysosomes 
and other debris) are present in absorptive cells of EXUV-fed animals and show a progression from pha¬ 
golysosomes containing debris and round bodies similar to autolysosomes (1), to phagolysosomes containing 
distinctive flocculent material (2), to residual bodies containing dense bundles of fibers (3). (B, bar = 2 //m; 
C, bar - 2 m.) 
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Figure 5. Newly set spat. Animals are embedded in plastic, thick-sectioned, and stained with methylene 
blue. (A) A T-lSO-fed control animal shows good development of organs with abundant lipid droplets in 
the intestinal epithelium (1), columnar absorptive cells in the digestive glands (2), and rare phagocytes in 
the perivisceral space (3). (Bar = 40 ^m.) (B and C) An EXUV-fed animal shows poor development of 
intestine epithelium with vacuolation and lack of lipid droplets (1), abundant lipid droplets in the style-sac 
epithelium (2), and distinctive accumulation bodies in the absorptive cells of the digestive gland (3). Di- 
noflagellates in various stages of degeneration are present within phagocytes or are being engulfed by phagocytes 
in the perivisceral space (4). (B, bar = 40 ^m; C, bar = 11.4 ^m.) 


EXUV-fed oysters; however, individual cell necrosis of 
the intestinal, digestive-gland, and stomach epithelium 
appeared to be present. 

Histological examination of plastic-embedded larvae 
stained with PAS showed positive staining of accumula¬ 


tion bodies within the cytoplasm of absorptive cells of 
EXUV-fed (7A) but not T-ISO-fed oysters (Fig. 7B). The 
partially degraded dinoflagellates within the perivisceral 
space of newly set spat fed the mixed diet were positively 
stained with PAS. 
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Figure 6. Newly set spat (transmission electron micrographs). (A) A perivisceral phagocyte of a mixed- 
diet-fed animal shows engulfment and digestion of the dinoflagellates. (Bar - 5 /im.) (B) A dinoflagellate 
within the perivisceral space has numerous autolysosomes. (Bar = 1.25 ^m.) 





OYSTERS EXPOSED TO A DINOFLAGELLATE 


323 



Figure 7. Newly sel spal. PAS staining of plastic-embedded, thick- 
sectioned spat. (A) A mixed-diet-fed animal shows positive PAS staining 
of dinoflagellates in the perivisceral space (1) and accumulation bodies 
in the absorptive cells (2). (B) A T-lSO-fed animal shows no PAS staining 
in the perivisceral space (1) or in the absorptive cells of the digestive 
gland (2). Lipid granules are numerous in the intestine (3), and many 
absorptive cell nuclei are dense (4). (Bar = 40 ^m.) 

Juveniles 

Juvenile oysters that had been feeding on natural Mil¬ 
ford Harbor phytoplankton amended with cultured algae 
showed two different responses when subsequently ex¬ 
posed to experimental diets. Oysters fed T-ISO alone, or 


the V 3 EXUV + % T-ISO diet, filtered the entire ration 
rapidly, produced normal fecal strands, and began growing 
immediately upon experimental feeding (Fig. 8). In con¬ 
trast, oysters fed EXUV alone or the % EXUV + x h T- 
ISO diet filtered the ration, but produced pseudofeces and 
grew poorly for the first week or two of experimental feed¬ 
ing. Thereafter, most oysters produced normal fecal 
strands and grew at rates the same as or higher than those 
on other diets (Table IV). 

Histologic observations of oysters from each feeding 
regime sampled at the end of the experiment revealed 
that although the appearance of the absorptive cells in 
the digestive diverticula varied with diet, all were generally 
healthy except the negative controls (starved). Animals 
fed T-ISO showed absorptive cells with moderately co¬ 
lumnar outlines and consistent foamy, vacuolated cyto¬ 
plasm (Fig. 9A). In addition to generally poorly developed 
organ systems, starved oysters showed digestive diverticula 
cells that were cuboidal to low-columnar in outline with 
vacuolated/fine granular cytoplasm (Fig. 9B). In general, 
animals fed partially or wholly on EXUV had abundant 
columnar epithelia with taller absorptive-cell outlines than 
those seen in T-lSO-fed animals. The cytoplasmic con¬ 
tents of EXUV-fed animals were similar to those of the 
positive (T-ISO-fed) controls in vacuolation, but were 
more coarsely granular (Fig. 9C); additionally, reserve cells 
appeared to be more common in these diverticula. Inter¬ 
estingly, a subset of several oysters from the EXUV uni- 
algal feeding regime exhibited varying degrees of devel¬ 
opment of absorptive cells. In the most severely affected 
oysters from this subset, the digestive gland epithelial cells 
were cuboidal to low-columnar, with relatively homoge¬ 
neous eosinophilic cytoplasm intermingled with many 
brown granules about 2 jum in size (Fig. 9D). 

Discussion 

Our previous experience with feeding the EXUV strain 
of P. minimum to other molluscs led us to expect that 
oysters could experience detrimental effects that might 
include mortality, as with scallops, or growth inhibition, 
as with clams (Wikfors and Smolowitz, 1993). Exposures 
of prefeeding oyster embryos to spent algal growth media 
and live, killed, and extracted cells were intended to de¬ 
termine if a soluble toxin would affect embryonic devel¬ 
opment; if so. larval bioassay might be a useful method 
for quantification of toxin content in P. minimum. This 
clearly is not the case. No experimental treatments yielded 
statistically significant differences in development, and any 
possible histological effects were subtle and fell within the 
limits of normal variation. Lack of detrimental effects 
upon prefeeding larvae could, however, have been attrib¬ 
uted to insufficient dosage in the experimental protocol, 
although even the higher, 5X EXUV exposures were not 
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Figure 8. Shell-length measurements of juvenile oysters from experimental feeding regimes. 


harmful (Table l). Because our experimental exposures 
were greater than exposures expected in natural waters, 
except possibly under extreme bloom conditions, we con¬ 
clude that harm to oyster embryos from P. minimum 
exudates is unlikely in nature. Furthermore, it appears 
unlikely that the putative molluscan enterotoxin in this 
dinoflagellate is released into solution in a form harmful 
to shellfish. Davis and Chanley (1956) reported that a 
dinoflagellate bloom in Milford Harbor (most likely a 
species of Proroccntruni) interfered with development of 
oyster and clam embryos in filtered seawater; however, 
the effectiveness of the filtration in removing the dinofla¬ 
gellate cells was not evaluated. The “bag-filtering” process 
employed at Milford at that time probably would not re¬ 
move P. minimum effectively. 


Feeding P. minimum to oyster larvae yielded clear det¬ 
rimental effects, but it was not apparent from experimental 
results alone if reduced survival and growth resulted from 
toxic effects or from starvation. EXUV, with a size of 
about 9X6 ^m, is near the maximum size of particles 
that molluscan larvae can ingest (Riisgard el aL, 1980). 
Observations of fed larvae by epifluorescence microscopy, 
and monitoring of larval-culture fluorescence after feed¬ 
ing, indicated that larval consumption was lower with 
EXUV than with T-ISO (Table II). Epifluorescence mi¬ 
croscopy and histologic evidence do, however, support 
the contention that larvae can ingest EXUV cells. Ac¬ 
cumulation bodies originating from intracellular digestion 
of EXUV cells were seen in larvae fed EXUV, but not in 
larvae starved or fed T-ISO alone. Thus, pathologic 


I able IV 


Growth rates, in millimeters per week, of juvenile oysters fed algal diets 


Week interval 



Diet 



Unfed 

EXUV 

% EXUV 

v 3 exuv 

T-ISO 

1-2 

0.74 (.067) a 

-0.10 (.010)' 

-0.16 (.023)' 

0.16 (,027) b 

0.19 (.047) b 

2-3 

-0.28 (,056) c 

0.15 (.015) b 

1.4 (.036)“ 

1.3 (.039)“ 

0.11 (.019) b 

3-4 

0.12 (.056) e 

1.9 (.039)“ 

0.91 (,022) b 

0.55 (.017)' 

0.32 (.018)“ 

4-5 

-0.16 (.012) d 

0.44 (.025)' 

1.7 (.056)“ 

1.2 (,077) b 

0.66 (.047)' 

5-6 

0.15 (.011 ) c 

0.80 (.021 ) b 

0.66 (,093) b 

0.98 (.043)“ 

0.62 (,020) b 


Superscript letters indicate homogeneous subsets, according to Least Square Difference Multiple Range Test. 
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Figure 9. Juvenile oysters. Sections of paraffin-embedded animals are stained with hematoxylin 
and eosin. (Bar = 40 /im.) (A) A positive control animal (fed 100% T-ISO) shows moderate columnar 
absorptive cells (1) and star-shaped lumens (2). (B) Starved juveniles show cuboidal epithelium (1) with 
dilated, rounded lumens (2). (C) Most EXUV-fed animals showed high-columnar epithelium with 
foamy cytoplasm (1) and small lumens (2). (D) Some EXUV-fed animals showed low-columnar epi¬ 
thelium (1) and dilated lumens (2). 


changes associated specifically with P. minimum feeding 
were identified; the chief feature was the presence of ac¬ 
cumulation bodies within absorptive cells of the digestive 
diverticula. Metamorphosis and setting of very few larvae 
fed Vz EXUV + 2 /3 T-ISO (less than 100, as compared with 
more than 2000 in larvae reared on T-ISO alone) provided 
further evidence that limited growth and development in 
the mixed algal diet was not simply a result of quantitative 
malnutrition. 

The presence of accumulation bodies within absorptive 
cells of digestive diverticula in larvae fed 100% EXUV 
suggests that some specific component of the P. minimum 
cell interfered with cellular digestive processes. Similar 
accumulation bodies were found in recently set spat that 
we continued to feed the larval diet of Vz EXUV + 2 /z T- 
ISO. These spat also had large amounts of lipid in the 
stomach, but modest to very low amounts of lipid in the 
moderately to poorly developed intestinal epithelium. In 


contrast, oysters fed T-ISO alone had large amounts of 
lipid in the moderately to well-developed intestine and 
only rare lipid droplets in the stomach. Clearly, digestive 
processes in larvae and young spat were disrupted by the 
presence of P. minimum in the diet. 

The occurrence of large numbers of partially digested 
dinoflagellates within phagocytes of the perivisceral cavity 
again demonstrated the reduced ability of the oysters' cells 
to degrade these organisms even though they did elicit a 
phagocytic response. Only rarely, however, was a relatively 
intact dinoflagellate seen in the perivisceral space, and 
even those were in the process of being, or had just been, 
phagocytized. We do not know how these organisms, ei¬ 
ther whole or partially degraded, entered the perivisceral 
space, but they could have passed through breaks in the 
epithelial integrity of the digestive gland or intestine during 
setting. Certainly their occurrence within the perivisceral 
space would significantly stress the animals. 
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In light of results with younger animals, findings with 
juvenile oysters were somewhat surprising. A previous 
study on filtration of EXUV by adult C. virginica revealed 
that cultured EXUV was filtered from suspension but not 
digested very effectively in short-term exposures (Shum- 
way et al., 1985). Further experiments by Luckenbach et 
al (1993) demonstrated complete mortality in 14 days of 
juvenile oysters fed a high density of P. minimum (a 
Chesapeake Bay isolate). Oysters fed a lower density of 
this same culture showed 43% mortality in the first 22 days 
of exposure, after which survival stabilized; 5% P. mini¬ 
mum added to a mixed algal diet improved growth of 
oysters in these latter experiments (Luckenbach et al., 
1993). Thus, in the present study the initial depression in 
growth rates of oysters fed EXUV alone—or as a mixed 
diet of 2 h EXUV and 16 T-1SO—was expected. The sudden 
acceleration in growth on these diets after 2 weeks was 
different from results obtained by Luckenbach et al 
(1993), but it was not wholly inconsistent with their find¬ 
ings. The survival of all oysters still alive after 22 days of 
exposure to the lower P minimum concentration in the 
Luckenbach et al. (1993) study suggests that some oysters 
are more resistant than others, or that some recovery is 
possible. Our feeding regime resulted in feeding densities 
within the “bloom" (high) range of Luckenbach et al. 
(1993); hence, differences in mortality of oysters in the 
two studies may result from differences in the algal strains 
or in the initial nutritional condition of the oysters. In 
our experiment, before oysters were used in exposure trials 
they were fed a diet known to support rapid growth; they 
may have had sufficient nutrient stores to survive initial 
stress. 

Growth data from the present study show widening 
variance as mean sizes increased, suggesting that some 
oysters were growing more rapidly than others. A number 
of oysters were selected, therefore, for histological ex¬ 
amination. Individuals that were from the EXUV-fed 
group and had well-developed absorptive cells were most 
likely growing rapidly. In contrast, some oysters from the 
same group were in poor condition, judging by digestive- 
system appearance, and resembled younger oysters fed P. 
minimum in their histologic characteristics, including low- 
columnar epithelium and comparatively large, granular 
cytoplasmic inclusions. The intragroup variance in the 
appearance of the digestive diverticula cells is interesting. 
We speculate that spat needed specific enzymes to digest 
or eliminate P minimum material that might otherwise 
accumulate in epithelial cells of the digestive diverticula. 
Whether such enzymes are induced by the presence of 
the dinofiagellate or occur as part of the normal devel¬ 
opmental sequence of the digestive gland is unknown. In 
the feeding larvae and newly set spat, we believe that the 
contents of accumulation bodies, when present in large 


amounts within the absorptive cells, may have interfered 
with digestion. 

The nature of the material contained within accumu¬ 
lation bodies in absorptive cells was investigated through 
PAS staining of oyster tissues. We were fortunate to obtain 
sections through P. minimum cells inside the digestive 
lumen of the oyster. These sections revealed structures 
within the dinofiagellate cells that appeared in TEM prep¬ 
arations to correspond with dinofiagellate autolysosomes 
(Schmitter, 1971;Schmitterand Jurkiewicz, 1981). About 
20 of these organelles were seen within each dinofiagellate. 
A recent report has demonstrated that autolysosomes in 
Prorocentnim cells are strongly PAS positive (Zhou and 
Fritz, 1994a); individual Prorocentrum cells contained 
more than 20 autolysosomes, corresponding well with our 
observations. PAS reaction offered a possible method for 
investigating whether accumulation bodies in oyster ab¬ 
sorptive cells contained material from P. minimum au¬ 
tolysosomes. PAS-positive staining of accumulation bod¬ 
ies in absorptive cells of oysters fed P. minimum, but not 
in oysters fed T-ISO, is strong evidence that dinofiagellate 
autolysosomes are involved in the detrimental effects that 
some dinofiagellates have upon shellfish. The evidence is 
not definitive: some substance produced by the oyster ly- 
sosome could be responsible for the PAS staining seen in 
newly set spat. We have, however, no evidence that this 
is the case. Widdows et al. (1979) noted a similar increase 
in PAS-positive phagolysosomes of pathologically affected 
absorptive cells in Mytilus edulis fed Gyrodiniwn 
aureolum. 

Comparing results of this study with our previous lab¬ 
oratory exposures of northern quahogs and bay scallops 
to P. minimum (Wikfors and Smolowitz, 1993) suggests 
a possible scenario linking dinofiagellate autolysosomes 
with effects upon shellfish. Quahogs did not grow during 
six weeks of feeding on diets containing EXUV, but no 
mortalities occurred; apparently these bivalves were un¬ 
able to digest EXUV. Unfortunately, we did not examine 
these clams histologically to determine if poor digestion 
resulted from damage to digestive diverticula or from in¬ 
ability of enzymes in the digestive lumen to lyse dinofia¬ 
gellate cells. In bay scallops fed a diet containing EXUV, 
mortality was rapid. No accumulation bodies were seen 
in scallop absorptive cells; instead, these cells appeared to 
be rapidly sloughed into the lumen. If digestive enzymes 
in the scallops' diverticular lumen were able to lyse P. 
minimum cells and autolysosomes, thereby releasing di¬ 
nofiagellate autolysosomal enzymes into the lumen, and 
if these dinofiagellate enzymes were damaging to scallop 
absorptive cells, then the enterotoxic effects we observed 
could have resulted. Bay scallops are thought to accom¬ 
plish essentially all digestion extracellularly within the 
digestive-gland lumen (Reid, 1982); oysters, on the other 
hand, are considered to be phagotrophs (Galtsoff, 1964). 
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In oysters, dinoflagellate autolysosomes may be taken 
whole by phagocytosis into absorptive cells, where partial 
degradation and subsequent accumulation as persistent 
phagolysosome (residual bodies) occurs. We have termed 
these characteristic phagolysosomes and residual bodies 
“accumulation bodies." Older, juvenile oysters appear to 
develop digestive enzymes, either released into the lumen 
or within absorptive cells, that completely digest the di- 
noflagellates—including any dinoflagellate-derived au¬ 
tolysosomes. It is interesting to note that feeding algal 
cells contaminated with cadmium to juvenile oysters 
causes degradation of the diverticular epithelium that is 
similar to the effects of P. minimum upon bay scallops 
(Wikfors, in prep.). Apparently P. minimum does not re¬ 
lease a chemical toxin into the diverticular lumen of the 
oyster, though it appears to do so in the scallop. A recent 
study has shown that okadaic acid (DSP toxin) is localized 
in organelles, including autolysosomes, in P. lima and P. 
macitlositm (Zhou and Fritz, 1994b); thus, digestive deg¬ 
radation of the organelles seems to be necessary for release 
of the toxin. Differences in symptoms in different bivalves 
seem to offer clues as to how the molluscs respond to P. 
minimum , in terms of digestive sequences and sites, and 
to highlight the diversity of digestive methods and enzymes 
among various types of bivalves. Further research is 
needed to elucidate fully the possible relationships between 
dinoflagellate autolysosomes, molluscan digestive pro¬ 
cesses, and susceptibility of bivalve molluscs to harmful 
algal blooms. 
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